ER stress can cause hepatic insulin resistance and steatosis. Increased VLDL secretion could protect the liver from ER stress-induced steatosis, but the effect of lipid-induced ER stress on the secretion of VLDL is unknown. To determine the effect of lipids on hepatic ER stress and VLDL secretion, we treated McA-RH7777 liver cells with free fatty acids. Prolonged exposure increased cell triglycerides, induced steatosis, and increased ER stress. Effects on apoB100 secretion, which is required for VLDL assembly, were parabolic, with moderate free fatty acid exposure increasing apoB100 secretion, while greater lipid loading inhibited apoB100 secretion. This decreased secretion at higher lipid levels was due to increased protein degradation through both proteasomal and nonproteasomal pathways and was dependent on the induction of ER stress. These findings were supported in vivo, where intravenous infusion of oleic acid (OA) in mice increased ER stress in a durationdependent manner. apoB secretion was again parabolic, stimulated by moderate, but not prolonged, OA infusion. Inhibition of ER stress was able to restore OA-stimulated apoB secretion after prolonged OA infusion. These results suggest that excessive ER stress in response to increased hepatic lipids may decrease the ability of the liver to secrete triglycerides by limiting apoB secretion, potentially worsening steatosis.
Introduction
ER stress is caused by the accumulation of unfolded and misfolded proteins in the ER lumen and is associated with several human diseases (1, 2) . To maintain ER function when the secretory pathway is compromised, cells initiate an adaptive response called the unfolded protein response (UPR), in which the transcription of genes encoding ER chaperones and folding catalysts is upregulated to increase protein-folding activity (3) . Additionally, ER stress is associated with reductions in the translation of secretory proteins (4, 5) . Although the relationship between ER stress and some disease-related proteins has been studied using animal models, the role of ER stress in metabolic disease remains less well defined (6) .
Hepatic steatosis and increased secretion of apoB-containing lipoproteins (Lps), particularly VLDL, are characteristic concomitants of insulin resistance (IR), the metabolic syndrome, and type 2 diabetes mellitus (7) (8) (9) (10) and are increasing clinical problems (11, 12) . Recent evidence suggests that increased hepatic triglycerides (TGs) are associated with both hepatic IR and ER stress. Thus, Ozcan et al. (13) showed that ER stress, as indicated by increases in the 78-kDa glucose-regulated/binding immunoglobulin protein (GRP78) and phosphorylation of the ER membrane protein PKRlike ER kinase (PERK) and its target, eukaryotic initiation factor 2α (eIF2α), was present in livers of high-fat diet-fed C57BL/6J or ob/ob mice. There was also activation of JNK, a finding that the authors linked to the development of hepatic IR (13) . GRP78, an ER chaperone and stress sensor, is also increased in livers of C57BL/6J-db/db mice (14) . Other studies suggest a role for obesity and/or excess energy, in the form of fatty acids (FAs) or TGs, as signals for ER stress, possibly through inflammatory mediators such as JNK (15) (16) (17) .
If hepatic ER stress is induced by accumulation of FAs or TGs (or associated metabolites), it might inhibit the translation and/or intracellular transport and secretion of a complex protein such as apoB, predisposing to greater steatosis. apoB is particularly prone to co-and posttranslational regulation (18) (19) (20) . However, it is not clear whether increased delivery of FAs to the liver and/or accumulation of liver TGs, situations commonly seen in the IR state, will produce ER stress or, more importantly, whether ER stress induced in this way affects the secretion of apoB. Studies of TG and apoB secretion in other models of hepatic ER stress have yielded varied results. Hyperhomocysteinemia, which is associated with hepatic steatosis in humans (21, 22) , causes both ER stress and increased TG secretion in mice (23) . On the other hand, tunicamycin and DTT (24, 25) , both inducers of ER stress and the UPR, can reduce the secretion of apoB-Lps. Glucosamine-induced ER stress is also associated with decreased apoB secretion from the liver (26) .
By contrast, a significant body of work from our group and other laboratories (18) has demonstrated increased secretion of apoB-Lps in response to increased hepatic FAs and/or TGs. In an attempt to integrate all the available data, we hypothesized that modest increases in the delivery of FAs to the liver and/or modest accumulation of hepatic lipids would increase apoB secretion despite some stimulation of ER stress, while more significant accumulation of hepatic lipids would further increase ER stress, leading to reduced apoB secretion. To test this hypothesis, we investigated the in vitro effects of incubating McA-RH7777 (McA) cultured rat hepatoma cells with oleic acid (OA) or a mixture of the TG emulsion Intralipid and lipoprotein lipase (IL) and the in vivo effects of intravenous infusions of OA or Intralipid into male C57BL/6J mice on hepatic ER stress and apoB-Lp secretion.
Results

Incubation of McA cells with OA or IL results in dose-and duration-dependent increases in cell TG content.
To develop an in vitro model of steatosis, we incubated OA or IL at concentrations ranging from 0.1 to 2.0 mM for OA or 10 to 1,000 mg/dl for IL for 6 hours in McA cells. Incubation with OA resulted in an increase in cell TGs from control levels of 45.0 ± 13.0 μg/mg cell protein in the absence of OA to 358.7 ± 24.3 μg/mg cell protein in the presence of 2.0 mM OA; incubation with IL resulted in an increase in cell TGs from control levels of 54.3 ± 1.7 μg/mg cell protein in the absence of IL to 453.2 ± 43.2 μg/mg cell protein in the presence of 1,000 mg/dl IL ( Figure 1A ). Effects of duration of incubations were determined using 1.0 mM OA and 500 mg/dl IL, with fresh medium provided every 12 hours ( Figure 1B ). At these concentrations, OA and IL increased total cellular TG levels in McA cells in a duration-dependent manner.
Incubation of McA cells with OA or IL increases GRP78 expression in McA cells.
We next sought to demonstrate a link between lipid loading and ER stress. Incubations of McA cells with increasing concentrations of either OA or IL for increasing durations also led to dose-and duration-dependent increases in mRNA levels of GRP78, an ER chaperone that is a central indicator of ER stress (27) (Figure 2A ). There were no effects of 3-hour incubations at any dose of OA or IL. However, after 6-hour incubations, significant increases in GRP78 mRNA began to be observed with higher doses of each source of FAs, and marked elevations of GRP78 mRNA were seen at most concentrations of OA and IL after 16 hours of incubation. In this experiment, the 6-hour incubations with 0.4 mM OA were associated with cell TG levels of 128.5 ± 10.3 (0.4 mM) μg/mg cell protein, whereas the 16-hour incubations with 0.4 mM OA resulted in TG levels of 166.5 ± 17.6 μg/mg cell protein. Incubations of cells with 500 mg/dl IL for 6 hours resulted in TG levels of 448.9 ± 30.3 μg/mg cell protein, whereas 16-hour incubations with 500 mg/dl IL produced TG levels of 628.5 ± 64.4 μg/mg cell protein. These conditions were used to look at several other markers of ER stress.
To determine whether the increases in GRP78 mRNA were associated with elevations in the protein levels, we incubated McA cells with 0.4 mM OA or 500 mg/dl IL for 3, 6, or 16 hours. GRP78 protein expression was not significantly changed by incubation with either OA or IL after 3 or 6 hours of incubation ( Figure 2B ). However, both lipids increased levels of GRP78 protein after a 16-hour treatment (2.9-and 2.7-fold, respectively; P < 0.001 for both vs. control incubations) ( Figure 2C ). These changes correlated with the dose-and time-dependent responses of TG loading of the cells (see above and Figure 1) .
Incubation of McA cells with OA or IL induces phosphorylation of eIF2α in McA cells.
To determine whether lipid-loading induces hepatic ER stress downstream of GRP78, we examined its effects on components of the UPR. One component of the UPR involves phosphorylation of cytosolic eIF2α on Ser51 by the ER-localized kinase PERK (4). Phosphorylated eIF2α mediates both a transient decrease in global translation and the translational upregulation of stress-induced mRNAs (5) . We determined the phosphorylation status of eIF2α (Ser51) using phospho-specific antibodies during lipid loading of McA cells. Incubation of McA cells for 3 or 6 hours with OA (0.4 mM) or IL (500 mg/dl) had no significant effect on the levels of total or phosphorylated eIF2α ( Figure 3A ). However, incubation at these concentrations for 16 hours induced significant phosphorylation of eIF2α (7.5-and 6.7-fold, respectively; P < 0.01 vs. control incubations) without changing the total eIF2α protein levels ( Figure 3B) .
Incubation of McA cells with OA or IL induces XBP1 mRNA alternative splicing and the nuclear translocation of the alternative form of the protein. Another branch of the UPR is mediated by activation of x-box-binding protein-1 (XBP1) by inositol requiring ER-tonucleus signaling protein-1α (IRE-1α), which is an ER-localized protein. IRE-1α activates XBP1 by splicing its mRNA in response to ER stress (28, 29) . The splicing results in the excision of a 26-bp fragment and a frameshift that can be identified by the loss of a Pst1 restriction site and a longer PCR product (28) . McA cells were exposed for 3, 6, or 16 hours to OA (0.4 mM) or IL (500 mg/dl), and the extent of XBP1 splicing was characterized by determining the relative amounts of 300-bp (Pst1+ derived from native, unspliced mRNA) and 601-bp (Pst1-derived from activated, spliced mRNA) PCR products after Pst1 digestion. Incubation of cells with 5 μg/ ml tunicamycin, which was used as a positive control for ER stress, resulted in complete processing of XBP1 mRNA, and only larger 601-bp products were seen after Pst1 digestion ( Figure 4 , A and B, far right lane). In the control condition, the majority of the XBP1 PCR product was 300 bp (Pst1+), indicating predominance of the native, unspliced XBP1 mRNA (Figure 4 , A, lanes 1 and 4, and B, lanes 1-3 from left). There was no effect, compared with control, of 3-hour ( Figure 4A , lanes 2 and 3) or 6-hour incubations ( Figure  4A , lanes 5 and 6) with either OA or IL on XBP1 mRNA splicing. However, in cells exposed to OA or IL for 16 hours, a larger proportion of the XBP1 PCR product was the 601-bp length (OA 43% ± 6%; IL 38% ± 4%) (Pst1-), indicating greater XBP1 mRNA splicing in the presence of ER stress ( Figure 4B, lanes 4-9) .
The spliced XBP1 mRNA produces a protein that is a potent basic leucine zipper transcription factor after translocation into the nucleus (29) . Although the nuclear content of XBP1 was not increased after 3 or 6 hours of incubation of McA cells with either OA or IL ( Figure 4C ), nuclear translocation of XBP1 protein was clearly increased after 16 hours of incubation of either OA ( Figure  4D , lanes 5 and 6) or IL ( Figure 4D , lanes 7 and 8) compared with control cells incubated without either lipid ( Figure 4D , lanes 3 and 4) (P < 0.05 and P < 0.01 vs. control incubations, respectively). Thus, prolonged lipid loading by either OA or IL activated XBP1 in McA cells, as evidenced by splicing of mRNA and nuclear translocation of XBP1.
There is a parabolic relationship between lipid loading-mediated ER stress and apoB100 secretion in McA cells. The above results demonstrated that we could induce hepatic ER stress by loading the cells with FAs and/or TGs. Because delivery of FAs or TGs to cultured liver cells is typically associated with increased apoB secretion (18), we wanted to characterize the relationship between FA/TG-induced hepatic ER stress and the assembly and secretion of apoB-Lps. Cells were treated with varying doses of OA for 3, 6, or 16 hours and then labeled with [ 35 S]methionine. Media were collected, and apoB100, apoB48, apoA-I, and albumin were immunoprecipitated with specific antibodies. Incubation of McA cells with 0.4, 0.8, or 1.2 mM OA for 3 hours induced progressive, dose-related increases in apoB100 secretion compared with incubations in the absence of OA (P < 0.01) ( Figure 5A ). Both 0.4 mM and 0.8 mM OA continued to stimulate apoB100 secretion after 6 hours of incubation, but the effect of lipid loading on apoB100 secretion was lost after 6-hour incubations at 1.2 mM OA. Furthermore, while 0.4 mM OA still stimulated apoB100 secretion after 16 hours, 0.8 mM no lon-
Figure 2
Incubation of McA cells with OA or IL increases GRP78 mRNA and protein levels. (A). Incubation of McA cells with either OA (0.4-1.6 mM) or IL (100-1,000 mg/dl) for 3 hours did not affect mRNA levels of GRP78. However, incubation for 6 or 16 hours with OA or IL increased GRP78 mRNA in a dosedependent manner. Data are mean ± SD normalized to cells incubated without OA or IL (n = 6 for each condition); *P < 0.05, **P < 0.001 versus control incubations. (B) Incubation of McA cells for 3 or 6 hours with OA (0.4 mM) or IL (500 mg/dl) did not significantly affect GRP78 protein levels. (C) GRP78 protein was significantly increased by incubation with either OA (0.4 mM) or IL (500 mg/dl) for 16 hours. ER stress, as indicated by increased GRP78, was also induced by a 3-hour treatment with tunicamycin (5 μg/ml) as a positive control. Protein data are mean ± SD normalized to cells incubated without OA or IL (n = 3 for each condition); *P < 0.001 versus control incubations.
ger had an effect, and 1.2 mM OA for 16 hours actually inhibited apoB100 secretion compared with control cells. These complex dose-related relationships between OA-induced lipid loading and apoB100 secretion at 16 hours were not observed with apoB48, apoA-I, or albumin ( Figure 5B ). However, when we incubated McA cells for 16 hours with 1.6 mM OA, which was associated with the highest levels of GRP78 gene expression (Figure 2A ), there were significant reductions in the secretion of all 4 proteins ( Figure 5C ). When IL was used as a means of delivering FAs to the cells, there was a dose-dependent increase in ER stress, indicated by rising levels of GRP78 protein ( Figure 5D ). Concomitantly, we observed a parabolic response pattern for apoB100 ( Figure 5E ): compared with incubation of McA cells without any IL, incubation with 100 mg/dl of IL for 16 hours increased apoB100 secretion; incubation with 500 mg/dl IL resulted in apoB100 secretion at the same level as control; and incubation with 1,000 mg/dl IL (which caused the greatest rise in GRP78; Figure 5D ) caused a reduction in apoB100 secretion. IL had no effect on apoB48, apoA-I, or albumin secretion at any of the concentrations used.
OA, at 0.4, 0.8, and 1.2 mM, had no effect on total protein synthesis in the McA cells, as determined by total TCA-precipitable radioactivity; the 30% reduction in TCA-precipitable radioactivity seen with 1.6 mM OA indicated an effect of this dose of OA on global protein synthesis and secretion, consistent with the reduction in secretion of all 4 proteins tested ( Figure 5F ). IL, at the doses tested, had no effect on TCA-precipitable radioactivity. Normal trypan blue staining confirmed a lack of toxicity of OA and IL at any concentration and duration of treatment (data not shown). These results indicate a complex, parabolic relationship between the degree of lipid-induced ER stress and apoB100 secretion.
ER stress-induced inhibition of apoB100 secretion is not associated with altered gene expression of either Apob or microsomal TG transfer protein.
Since ER stress and the UPR significantly alter gene expression, we next determined the effects of ER stress on the expression of 2 key genes: Apob and microsomal TG transfer protein (Mttp). There was no effect of incubating McA cells with increasing doses of either OA (0.4-1.6 mM) or IL (100-1,000 mg/dl), for varying periods, on the levels of Apob or Mttp mRNA ( Figure 6 ).
ER stress induces cotranslational proteasomal degradation of apoB. With no evidence for effects of ER stress on apoB gene expression, we turned our attention to posttranscriptional pathways that regulate apoB secretion (18) . When puromycin was used to synchronize translation of McA cells, the accumulation of newly synthesized, full-length apoB100 was dramatically reduced in cells preincubated with 1.2 mM OA for 16 hours (Figure 7 top right, third lane for each time point) compared with cells incubated with either no OA or with 0.4 mM OA for 16 hours. In contrast, pretreatment of the cells for 16 hours with 0.4 mM OA moderately increased the appearance of full-length apoB100 (second lane for each time point) compared with cells incubated without OA. Importantly, cotreatment of the cells with lactacystin, a specific inhibitor of proteasomal degradation (30) , substantially, although not completely, corrected the abnormality in the appearance of apoB100 seen with 1.2 mM OA. (Figure 7 , bottom right). There appears to have been a similar, but much less striking, abnormality in the appearance of apoB48 that was also reversed by lactacystin treatment. There was no effect of OA on the rate of accumulation of new synthesized albumin (data not shown).
ER stress also induces nonproteasomal degradation of apoB100. In addition to cotranslational proteasomal degradation, there are a number of posttranslational pathways for degradation of apoB (18, 31) . To further characterize the effects of FA-induced ER stress on intracellular degradation of apoB, pulse-chase studies were performed after preincubation of McA cells in the presence or absence of OA for 16 hours (Figure 8 ). The quantity of radiolabeled protein in the cell lysates at the 15-minute chase time point was taken as 100% of newly synthesized apoB100, apoB48, or albumin. Relative to incubation in the absence of OA, preincubation with 0.4 mM OA caused increased apoB100 secretion ( Figure 8A , bottom left) in association with decreased intracellular disappearance ( Figure  8A , middle) and greater total recovery ( Figure 8A , right) of newly synthesized [ 35 S]methionine-labeled apoB100 over a 90-minute pulse-chase protocol. This OA-mediated increase in apoB100 secretion and the rescue of apoB100 from intracellular degradation were lost after incubation with 0.8 mM OA. Furthermore, preincubation with 1.2 mM OA for 16 hours resulted in decreased apoB100 secretion associated with increased disappearance of intracellular apoB100. In contrast, there was no significant effect of preincubation of McA cells with as much as 1.2 mM OA on either the secretion or intracellular degradation of apoB48 ( Figure 8B ) or albumin ( Figure 8C ). In view of the results with lactacystin in puromycinsynchronized cells, we next preincubated McA cells with varying amounts of OA for 16 hours and then radiolabeled the cells for 2 hours, with all incubations performed in the absence and presence of the specific proteasome inhibitor lactacystin. Surprisingly, inhibition of proteasomal degradation in this prolonged labeling study had no effect on ER stress-mediated inhibition of apoB100 secretion ( Figure 8D) . Overall, the results presented in Figures 7 and  8 indicate that the parabolic relationship between FA-induced ER hours without a change in total eIF2α protein level. ER stress was also induced by a 3-hour treatment with tunicamycin (5 μg/ml) as a positive control. Lanes were run on the same gel but were noncontiguous. Data are mean ± SD normalized to cells incubated without OA or IL (n = 3 for each condition); *P < 0.01 versus control incubations.
stress and apoB100 secretion is associated with both proteasomal and nonproteasomal degradation of apoB100. The latter pathway appears, based on these experiments, to be the dominant one.
As noted above, there are several posttranslational pathways for apoB degradation in hepatocytes, including a recently described pathway that is stimulated by increased availability of polyunsaturated FAs. This latter degradation is inhibited by vitamin E or desferrioxamine (32) . We cotreated McA cells with either vitamin E or desferrioxamine during incubations with varying concentrations of OA for 16 hours. Neither treatment affected the parabolic relationship between OA and apoB secretion, suggesting that lipid peroxidation and/or reactive oxygen species were not playing roles in the ER stress-induced degradation of apoB100 (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI32752DS1).
4-Phenyl butyric acid inhibits lipid-induced ER stress and reverses the inhibition of apoB100 secretion by high concentrations of OA.
Based on the data to this point, we wished to determine apoB100 secretion when lipid loading was dissociated from ER stress. 4-Phenyl butyric acid (PBA) is a low-molecular-weight chaperone known to stabilize protein conformation and improve ER folding capacity (33, 34) . Treatment of McA cells with PBA suppressed OA-induced increases of GRP78 expression as well as the phosphorylation of eIF2α (Figure 9A) . Importantly, PBA reduced lipid-induced ER stress without affecting the rise in cellular TG content after incubations with OA ( Figure 9B ). PBA treatment reversed the parabolic effects of OA on apoB100 secretion. Thus, secretion of apoB100 doubled after incubations of McA cells with 0.4 mM OA for 16 hours compared with cells incubated without OA; similar increases were seen after incubations with 0.8 mM and 1.2 mM OA for 16 hours ( Figure 9C ). These results indicated that PBA prevented the inhibition of apoB100 secretion previously observed in association with OA-induced ER stress, without changing TG content in vitro. Furthermore, under these experimental conditions, the effects of PBA were selective for apoB100: there were no significant effects of PBA on apoB48, apoA-I, or albumin secretion (data not shown). Of note, pretreatment of OA or IL induces alternative splicing of XBP1 mRNA and translocation of the alternative form of the protein into the nucleus in McA cells. McA cells were exposed for 3 or 6 hours (A) or for 16 hours (B) to OA (0.4 mM) or IL (500 mg/dl). XBP1 cDNA was amplified by PCR followed by incubation with Pst1. The products of the incubation with Pst1 are shown on the left; the bar graphs show the percentage of total XBP1 mRNA that was resistant to Pst1 and was, therefore, already spliced and activated. After 3 or 6 hours of incubation with OA or IL, most of the XBP1 PCR products were cut by Pst1 (Pst1+), producing a 300-bp amplification product, indicating a predominance of the native, unspliced form of XBP1 mRNA; less than 20% of total XBP1 was detected as the Pst1-, 601-bp amplification product, indicative of spliced XBP1 mRNA. By contrast, after a 16-hour incubation with either OA or IL, a larger proportion of the XBP1 PCR product was Pst1-and kept its full 601-bp length (OA 43% ± 6%; IL 38% ± 4%), indicating partial XBP1 mRNA splicing and presence of ER stress. Complete XBP1 activation and splicing were induced by a 3-hour treatment with tunicamycin (5 μg/ml) as a positive control. Data are mean ± SD (n = 6 for each condition); *P < 0.05, **P < 0.01 versus control incubations (without OA or IL). The nuclear content of XBP1 was not increased after a 6-hour incubation with OA or IL (C) but was increased after incubation with either lipid source for 16 hours (D). Nucleophosmin is shown as a control for the efficiency of the nuclear extraction. ER stress was also induced by a 3-hour treatment with 5 μg/ml tunicamycin as a positive control. Lanes were run on the same gel but were noncontiguous. Data are mean ± SD normalized to cells incubated without OA or IL (n = 3 for each condition); *P < 0.05, **P < 0.01 versus control incubations.
Figure 5
Lipid loading-induced ER stress has a parabolic effect on apoB100 secretion in McA cells. (A). McA cells were preincubated with 0.4, 0.8, or 1.2 mM of OA for 3, 6, or 16 hours, incubated for 2 hours in methionine/cysteine-free DMEM, and then labeled with [ 35 S]methionine for 2 hours, the latter 2 incubations still in the presence of OA. There was a time and dose-dependent change from stimulation to inhibition of apoB100 secretion. (B) At the same doses, there were no effects of OA on the secretion of apoB48, apoA-I, or albumin at any duration of preincubation. (C) Using the same preincubation and incubation protocol, 1.6 mM OA decreased apoB100, apoB48, albumin, and apoA-I secretion. (D) McA cells were preincubated with 100, 500, or 1,000 mg/dl IL for 16 hours, followed by the protocol described in A with IL present during the last 2 steps. There was a dose-dependent increase in ER stress, as indicated by increasing levels of GRP78 protein. (E) 100 mg/dl IL stimulated apoB100 secretion, whereas 500 mg/dl IL did not. Incubation with 1,000 mg/dl IL actually inhibited apoB100 secretion. Intralipid, at the doses used, had no effects on apoB48, albumin, or apoA-I secretion. (F) TCA precipitable radioactivity was unaffected at concentrations of 0.4, 0.8, or 1.2 mM OA. However, a 16-hour preincubation with 1.6 mM OA did reduce TCA-precipitable radioactivity by about 30%. None of the doses of IL that were used affected TCA-precipitable radioactivity. All data are mean ± SD normalized to cells incubated without OA or IL (n = 3 for each condition); *P < 0.05, **P < 0.01 versus control incubations.
McA cells with PBA reversed the abnormality in the appearance of full-length apoB100 seen with 1.2 mM OA ( Figure 9D ).
Tunicamycin-induced ER stress inhibits apoB100 secretion. Tunicamycin, an inhibitor of glycosylation, is widely used to induce ER stress. In order to determine whether ER stress induced in the absence of increased delivery of FAs also affected apoB secretion, we treated McA cells with tunicamycin. Supplemental Figure 2A shows that tunicamycin, as expected, caused a dose-dependent rise in GRP78 and phospho-eIF2α levels. These effects of tunicamycin were significantly inhibited by cotreatment with PBA. Concomitantly, tunicamycin dose-dependently inhibited apoB100 secretion (Supplemental Figure 2B) , and this was also reversed by cotreatment with PBA at all except the highest dose of tunicamycin; PBA only partially reversed the effects of 5.0 μg/ml tunicamycin. Importantly, 0.2 μg/ml and 1.0 μg/ml of tunicamycin, which significantly inhibited apoB100 secretion, did not have any effect on secretion of apoB48, albumin, or apoA-I (Supplemental Figure  2C) . However, 5.0 μg/ml of tunicamycin inhibited secretion of all of these proteins, an effect that was reversed by PBA. Finally, total TCA-precipitable radioactivity was unaffected by 0.2 or 1.0 μg/ml of tunicamycin but was reduced about 30% by the 5.0-μg/ml dose. The latter effect was reversed by PBA. Trypan blue staining was normal at all doses of tunicamycin (data not shown).
Intravenous infusions of 6 mM OA for 6 and 9 hours increase hepatic markers of ER stress. To assess the relationship between FA-induced ER stress and apoB secretion in vivo, we infused 6 mM OA bound to albumin for either 6 or 9 hours into C57BL/6J mice to increase the amount of FAs delivered to the liver. OA infusions raised plasma FA levels to 0.87 ± 0.33 mmol/l and to 1.20 ± 0.75 mmol/l after 6 and 9 hours, respectively. These levels were significantly greater (P < 0.001) than those present during saline infusions (0.39 ± 0.12 mmol/l and 0.29 ± 0.09 mmol/l, respectively). At the end of 6-and 9-hour OA infusions, liver TG levels tended to be higher compared with saline infusions, but there were no significant differences observed (6-hour: 187 ± 64 vs. 138 ± 46 μg TG/mg protein; 9-hour: 275 ± 169 vs. 192 ± 82 μg TG/mg protein; both NS) ( Figure 10A ).
We next determined the levels of ER stress markers in the liver after 6-and 9-hour infusions of OA. After infusion of 6 mM OA for 6 hours, GRP78 mRNA expression tended to increase compared with saline infusion (151% ± 85% vs. 100% ± 30%; NS); after 9 hours, however, we observed a significant, 1.8-fold increase in GRP78 mRNA expression (180% ± 52% vs. 100% ± 26%; P < 0.05). After 6-hour infusions of OA, GRP78 protein ( Figure 10B ) increased about 2-fold compared with saline infusions (192% ± 104% vs. 100% ± 17%; P < 0.05); GRP78 protein increased by almost 3-fold after 9-hour infusions (288% ± 126% vs. 100% ± 49%; P < 0.01). Compared with saline infusion, levels of phospho-eIF2α increased about 2-to 2.5-fold after both 6-hour (209% ± 73% vs. 100% ± 51%; P < 0.01) and 9-hour infusions of OA (231% ± 83% vs. 100% ± 68%; P < 0.05) ( Figure 10C ). Activation of XBP1 was determined by measuring the degree of processing of its mRNA (28, 29) . XBP1 processing was increased at the end of both 6-hour (123% ± 11% vs. saline; P < 0.05) and 9-hour (152% ± 31% vs. saline; P < 0.01) infusions, but the degree of processing tended to be greater after 9 hours ( Figure 10D) .
Intravenous infusions of 6 mM OA for 6 hours increases apoB secretion, but this effect is lost after 9-hour infusions. We previously reported that intravenous infusions of OA led to increased secretion of apoB without changes in TG secretion (35) . In the present studies, we confirmed that finding: although (as noted above) there were significant elevations of plasma FAs by infusion of OA for either 6 or 9 hours, there were no increases in TG secretion after either infusion relative to infusions with saline (data not shown). We also confirmed our prior result that 6-hour infusions of OA increased secretion of newly synthesized apoB100 and apoB48 compared with saline infusion (185% ± 99% vs. 100% ± 19% and 231% ± 78% vs. 100% ± 32%, respectively; both P < 0.05) ( Figure  11A ). By contrast, the stimulation of apoB secretion by 6-hour infusions of OA was not seen after 9-hour infusions of OA ( Figure  11B ). Indeed, secretion of newly synthesized apoB100 and apoB48 was essentially unchanged after 9-hour infusions of OA compared with saline. Based on our in vitro results and published data (34), we next pretreated mice for 7 days with PBA before infusing OA for 9 hours. PBA treatment was associated with significantly less OA-mediated ER stress, as indicated by reduced responses of GRP78 and phospho-eIF2α (data not shown). PBA treatment was also associated with increased secretion of apoB100; PBA-treated mice secreted twice as much apoB100 in response to OA as mice not treated with PBA (203% ± 36% vs. 116% ± 43%, respectively; P < 0.01) ( Figure 11C ). We did not see any effect of PBA on secretion of apoB48 (132% ± 39% vs. 117% ± 40%, PBA-treated mice vs. non-treated mice, respectively). In these experiments, secretion of apoB100 and apoB48 in non-PBA-treated, saline-infused mice, was set at 100% ( Figure 11C ).
Intravenous infusions of 20% Intralipid for 9 hours increases hepatic TG but does not stimulate either apoB or TG secretion. The quantity of FAs delivered to the liver during either 6-or 9-hour infusions of OA is very small (about 1.5 mg/6 hours and 2.3 mg/9 hours, respectively; ref. 35) . Therefore, we conducted experiments in which 20% Intralipid was infused for 9 hours. In previous studies (35) , infusions of 20% Intralipid for 6 hours (which delivered about 45 mg FAs to the liver) did not increase hepatic TG mass significantly but did stimulate secretion of both TGs and apoB by about 100% (35) . The results (Supplemental Figure 3) show that a 9-hour infusion of 20% Intralipid (which would deliver about 60 mg FAs to the liver) increased hepatic TG mass by approximately 70% (Supplemental Figure 3A) but did not increase the secretion of TGs (Supplemental Figure 3B) or either apoB100 or apoB48 (Supplemental Figure 3C ).
Discussion
Our goal in the present studies was to reconcile 2 well-described associations that we found inconsistent. First, it has been well demonstrated that IR is associated with increased assembly and secretion of both VLDL apoB and TGs in animal models and humans (36) (37) (38) . The link between IR and increased VLDL secretion has been thought to derive from increased delivery of FAs to the liver secondary to increased lipolysis in adipose tissue; increased hepatic lipogenesis; increased levels and activity of MTP; and loss of insulin's ability to direct apoB toward degradation. Second, it is also clear that obesity, IR, and dyslipidemia frequently coexist with nonalcoholic steatosis (7) (8) (9) (10) . In view of the extensive body of evidence indicating that FAs and TGs can stimulate the assembly and secretion of VLDL (18, 39) , one could question why the liver cannot maintain lipid homeostasis by increasing both the number of VLDL particles secreted and the quantity of TGs on each particle.
Recent studies implicating hepatic ER stress as a central abnormality linking obesity, hepatic IR, and hepatic steatosis have added a new level of complexity to this issue (13, 14, 40) . For example, ER stress has also been linked to increased hepatic lipogenesis (23, 41) . Additionally, a large, complex secretory protein such as apoB might be a prime target for UPR-mediated downregulation. It is well known that apoB is regulated at translational and posttranslational steps, including a number of pathways for intracellular degradation (18) (19) (20) . Thus, ER stress-mediated reductions in apoB secretion could be a link between ER stress and hepatic steatosis. On the other hand, Ozcan et al. demonstrated that obesity-induced ER stress led to hepatic IR through activation of JNK activity via inositol-requiring enzyme-1 (IRE-1), with subsequent inhibition of insulin receptor signaling (13) . Although insulin has been shown to acutely inhibit hepatic secretion of apoB in both in vitro and in vivo studies (42) (43) (44) , this effect is lost in animal models of hepatic IR (45, 46) and in obese subjects with chronic hyperinsulinemia (43, 47) . Thus, ER stress-induced IR could actually increase the assembly and secretion of VLDL, thereby reducing the risk for steatosis.
Based on these complex and potentially discordant findings, we hypothesized that modest increases in the delivery of FAs to the liver and/or modest accumulation of hepatic lipids would increase apoB secretion despite some stimulation of ER stress, while more substantial accumulation of hepatic lipids would further increase ER stress, leading to reduced apoB secretion; i.e., there would be a parabolic relationship between lipid-induced ER stress and apoB secretion. We tested this hypothesis in both in vitro and in vivo systems and demonstrated that (a) increased FA delivery and/or accumulation of liver TGs (or intermediary metabolites) caused ER stress; and (b) although mild ER stress secondary to increased FA delivery was associated with increased secretion of apoB100, greater ER stress and/or the presence of ER stress for a longer period of time in response to increased FA delivery and/or TG accumulation resulted in reduced apoB100 secretion and greater hepatic steatosis. We discuss each of these findings below.
In mammals, the UPR is mediated through 3 distinct pathways that are under the control of PERK, activating transcription factor-6 (ATF-6), and IRE-1α (3, 17) . To decrease the accumulation of proteins in the ER, the UPR attenuates translation, particularly of secretory proteins, via activation of PERK and subsequent phosphorylation of eIF2α at Ser51. Additionally, the UPR increases the folding capacity of the ER by upregulating ER chaperones, such as GRP78, via the transcription factors XBP1 and ATF-6. Our data demonstrate that increased delivery of OA alone or FAs generated from Intralipid -which consists mainly of linoleic acid (54%), OA (22%), and palmitic acid (11%) -to McA cells in vitro and to mouse liver in vivo triggered increases in the levels of GRP78 and activation of at least 2 branches of the UPR, PERK-eIF2α and IRE1-XBP1. Previous studies in pancreatic β cells (48) (49) (50) and cardiac myoblasts (51) suggested that the ER stress was particularly sensitive to saturated FAs. Indeed, it has been reported that unsaturated FAs (OA or linoleate) reduce palmitate-induced upregulation of GRP78, CHOP, and GADD34, as well as apoptosis, in H4IIE liver cells (52) . It has also been reported that hepatic steatosis caused by diets enriched in saturated FAs, but not polyunsaturated FAs, was associated with ER stress and liver injury despite similar accumulation of TGs with each diet (53) . In the present studies, both OA and Intralipid were similarly effective in causing ER stress, both in vitro and in vivo (data for Intralipid in vivo not shown). We have conducted preliminary experiments with palmitic acid in McA cells and observed a similar ER stress response (data not shown). Further studies will be required to determine whether there are differential effects of FAs with varying degrees of saturation on apoB100 secretion in response to ER stress. It should be noted, however, that our incubations (16 hours) were longer than those in most other studies.
Identification of the molecular links between increased delivery of FAs to the liver and induction of ER stress will also require further study. Clearly, the stimulation of an ER stress response correlated closely with increases in the TG content of the McA cells in our in vitro incubation studies and, to a lesser degree, with increases in hepatic TG content in our in vivo studies. However, a
Figure 9
Treatment of McA cells with PBA inhibits ER stress and restores OA stimulation of apoB100 secretion. McA cells were incubated with or without PBA (1 mM) for 6 hours and then with or without PBA plus 0-1.2 mM OA for an additional 16 hours. (A) Incubations with OA increased GRP78 protein levels and the levels of phosphorylated eIF2α, as analyzed by immunoblot; activation of these markers of ER stress was completely blocked by PBA. Lanes were run on the same gel but were noncontiguous. (B) Under these same conditions, coincubation of OA with PBA did not alter the ability of OA to increase cell TG content. (C) McA cells were incubated with or without PBA (1 mM) for 6 hours and were then incubated with or without PBA plus 0-1.2 mM OA for 16 hours, followed by methionine/cysteine-free DMEM for 2 hours and then [ 35 S]methionine for 2 hours Increasing OA concentrations caused a rise and then a fall in apoB100 secretion (left); PBA treatment was associated with similar increases in apoB100 at all doses of OA (right). Data are mean ± SD; n = 3 per group. *P < 0.05 vs. incubations in the absence of both OA and PBA; † P < 0.05 vs. incubations with the same concentration of OA but without PBA. (D) McA cells were preincubated with serum-free DMEM with or without 1 mM PBA for 6 hours and then incubated with serum-free DMEM containing no OA, 0.4 mM OA, or 1.2 mM OA for 16 hours, followed by an additional 10-minute incubation, under the same 3 conditions, with 100 μM puromycin. After washing the cells free of puromycin while on ice, they were radiolabeled with [ 35 S]methionine/cysteine in the DMEM for 15, 20, 25 minutes. PBA treatment (right) reversed the delayed appearance of full-length apoB100 translation seen after incubation with 1.2 mM OA for 16 hours (left; also Figure 7 , top right).
previous study showed that loss of MTP in mouse hepatocytes (by either gene disruption or chemical inactivation), with concomitant inhibition of apoB secretion and marked accumulation of hepatic TGs, was not associated with the induction of typical markers of ER stress (54) , suggesting that TG was not the offending molecular species. Furthermore, when we used an antisense oligonucleotide to inhibit the expression of acyl-coenzyme A:diacylglycerol acyltransferase 2 (DGAT2), a key enzyme that catalyzes the last step in mammalian TG synthesis, TG accumulation was reduced by 50%, but we observed the same degree of OA-induced GRP78 expression and eIF2α phosphorylation in McA cells (data not shown). These data provide support for the view that TG, per se, does not cause ER stress.
Many studies by our group and others have demonstrated increased secretion of apoB and TG in response to increased hepatic FAs and/or TGs (18) . The effects of FAs/TGs are posttranscriptional; few physiologic perturbations alter Apob mRNA levels, although translation can be affected under certain circumstances (18) . Overall, the availability of the core lipid ligands of apoB determines whether the protein is targeted for co-and posttranslational degradation or for secretion (19, (55) (56) (57) . MTP clearly plays a key role in this process, probably by both transferring core lipids from the ER membrane to the amino-terminal of apoB and acting as a kinetic anchor after interacting directly with the amino-terminal of the nascent apoB as it enters the ER lumen (58) . In the present experiments, we confirmed many prior studies that have demonstrated increased apoB100 secretion when McA cells are incubated with moderate concentrations of OA for short periods of time. In fact, with only 3-hour exposures, OA stimulated the secretion of apoB100 across a wide dose range. However, when we incubated the cells with 1.2 mM OA for 6 hours, there was a loss of stimulation of apoB100 secretion, and this was paralleled by increased GRP78 under those same conditions. Finally, when we incubated McA cells for 16 hours, we observed a parabolic relationship between OA concentrations and apoB100 secretion. Of note, 16-hour incubations were associated with increases in ER stress markers at all concentrations of OA (data shown for GRP78), including 0.4 mM OA (shown for eIF2α and XBP1). The parabolic relationship between FA-induced ER stress and apoB100 secretion was also observed with IL. Of note,
Figure 10
Intravenous infusions of 6 mM OA increase markers of hepatic ER stress in normal mice. C57BL/6J mice were infused intravenously with saline (white bars) or 6 mM OA bound to albumin (gray bars) for 6 hours (n = 9 and 11 mice, respectively) or 9 hours (n = 4 mice/group). (A) At the end of 6-or 9-hour infusions, mice infused with 6 mM OA and saline were sacrificed, and the livers were collected for the measurement of liver TG content. The mean values of liver TG content are expressed as micrograms of TG per milligram of liver total protein. After either 6-or 9-hour OA infusions, liver TG content tended to be higher compared with the saline infusion, but no significant differences were observed. Data are mean ± SD. (B) The level of ER stress marker GRP78 was significantly increased by infusion of OA for either 6 hours or 9 hours compared with the levels present after infusion of saline. Lanes were run on the same gel but were noncontiguous. (C) Phosphorylation of eIF2α was significantly increased by infusion of OA for either 6 or 9 hours compared with levels present after infusion of saline. (D) Either 6-or 9-hour infusion of 6 mM OA induced partial XBP1 mRNA splicing, indicative of the presence of ER stress in OA-infused compared with saline-infused mice. Lanes were run on the same gel but were noncontiguous. Data for B-D are mean ± SD normalized to saline-infused mice. *P < 0.05, **P < 0.01 versus saline.
with both approaches to lipid delivery, inhibition of apoB100 occurred without any changes in the secretion of apoB48, albumin, or apoA-I from McA cells. It was only when the cells were exposed to OA at a concentration of 1.6 mM for 16 hours that we observed inhibition of the secretion of all 4 proteins tested (we did not test IL at concentrations greater than 1,000 mg/dl). These data suggest that at doses of OA below 1.6 mM, and at doses of IL up to 1,000 mg/dl, the degree of ER stress was relatively mild and the global effects of ER stress on gene expression and translation of mRNA had not yet occurred. This view is supported by our finding that total TCA-precipitable radioactivity was reduced only when cells were exposed to 1.6 mM OA for 16 hours, a perturbation that inhibited secretion of all 4 proteins tested. On the other hand, trypan blue staining was unchanged at all doses of OA and IL, indicating that lipid loading did not, in these experiments, induce generalized cell toxicity. It is clear from these data that apoB100, a protein that is extensively regulated by intracellular degradation (19, (55) (56) (57) , is particularly sensitive to FA-induced ER stress. However, when the level of ER stress was further increased, the expected generalized effects of the UPR were demonstrated in our studies. Sparks et al. (59) showed inhibition of apoB secretion from McA cells incubated for 8 hours with 0.75 mM OA. Furthermore, they demonstrated that the reduced apoB secretion was not associated with changes in Apob gene expression. They did not, however, look at other doses of OA, and there were no measurements of ER stress.
As reviewed above, the UPR includes pathways that increase the transcription of chaperone proteins and decrease the translation of secretory proteins (3, 17) . Therefore, we first looked at the expression of 2 genes, Apob and Mttp, that obviously can affect apoB secretion: We saw no effect of lipid-induced ER stress on the mRNA levels of either Apob or Mttp. However, when we looked at posttranscriptional steps regulating apoB synthesis and secretion, we found clear evidence for complexity.
First, our studies with puromycin-synchronized cells, with and without concomitant lactacystin, indicated that both reduced rates of elongation of nascent apoB and cotranslational proteasomal degradation were affecting the appearance of full-length apoB100. The ability of lactacystin to significantly increase the appearance of apoB100 suggests that cotranslational ubiquitinylation and proteasomal degradation of apoB was the more significant process affecting the appearance of newly synthesized full-length apoB100 (60) . Importantly, cotranslational ubiquitinylation of apoB100 does not become significant until about 40%-50% of the nascent protein has been translated (60) . Thus, apoB48 would be much less likely to be polyubiquitinylated and targeted for proteasomal degradation. Similarly, small proteins such as albumin and apoA-I would likely escape ubiquitinylation. Future studies, using constructs of apoB of varying size and amino acid sequence, should provide further insights into the link between mild ER stress and cotranslational degradation of apoB100. In addition, despite the absence of change in Mttp mRNA levels, further studies will be needed to determine whether MTP function, which is key to the assembly and secretion of apoB-Lps, is altered by ER stress.
Lactacystin, however, did not completely reverse the reduced appearance of apoB100 in cells incubated with high concentrations of OA, suggesting reduced rates of translation. We had previously seen reduced translation of apoB100 when cotranslational lipidation was inhibited (61) . Furthermore, a recent study by Borradaile et al. (51) implicated eukaryotic elongation factor (eEF1A) in FA-induced lipotoxicity; disruption of the gene protected cells. Although those
Figure 11
Stimulation of the secretion of apoB100 by 6-hour infusions of 6 mM OA is lost after infusion of OA for 9 hours but rescued after pretreatment of mice with PBA. C57BL/6J mice were infused with saline (white bars) or 6 mM OA in albumin (gray bars) intravenously for 6 or 9 hours, and both Triton WR1339 and [ 35 S]methionine were injected into the mice at the end of each infusion to measure the secretion of newly synthesized apoB48 and apoB100. (A) Infusion of OA for 6 hours significantly increased the secretion of both apoB100 and apoB48 secretion into the bloodstream 1 hour after Triton injection compared with saline. (B) Infusion of OA for 9 hours did not increase either apoB100 or apoB48 secretion compared with saline. (C) PBA or water was administered orally to C57BL/6J mice for 7 days. After 9 hours of OA infusion, the PBA-treated mice showed an increase in apoB100 secretion compared with the nontreated mice. Data are mean ± SD normalized to saline-infused livers (for 6-hour infusions: n = 9 and 11 for saline and OA, respectively; for 9-hour infusions: n = 4/group; for 9-hour infusion with or without PBA: n = 6/group). *P < 0.05 versus saline; **P < 0.01 versus without PBA treatment.
authors did not demonstrate reduced protein synthesis in cells with disrupted eEF1A, those results raise the possibility that reduced elongation might be a response to FA-induced ER stress. Further studies are planned to address this question directly.
In addition to the cotranslational, proteasomal degradation we observed, we also demonstrated nonproteasomal, likely posttranslocational intracellular degradation of apoB100 in association with ER stress. Importantly, the pattern of increased degradation mimicked exactly the parabolic secretory pattern we observed. Qiu et al. reported that treatment of HepG2 cells with glucosamine resulted in elevated levels of GRP78 and reduced rates of secretion of apoB100, the latter due to increases in both proteasomal and nonproteasomal degradation of apoB100 (26, 62) . Similar results were observed by that group when GRP78 was overexpressed by adenovirus, suggesting a direct effect of an increase quantity of this chaperone in targeting of apoB100 for proteasomal degradation (26). Oyadomari et al. found that P58 IPK , an ER-associated protein whose synthesis is stimulated by ER stress, is a mediator of proteasomal degradation of newly synthesized apoB100 (63) . Those authors found that the increase in proteasomal degradation of apoB100 induced by inhibition of MTP was attenuated in P58 IPK-/-hepatocytes, suggesting that P58 IPK is required for degradation of misfolded apoB associated with impaired lipidation. Further studies will be required to determine the exact roles, if any, of increased GRP78 and P58 IPK in the stimulation of apoB100 degradation we have observed. Of note, lactacystin did not alter ER stress-induced inhibition of apoB100 secretion when studied over a 2-hour period of radiolabeling. This was in contrast to the reversal of cotranslational degradation we observed in very short radiolabeling studies in puromycin-synchronized cells. We believe that together, these results indicate that nonproteasomal, posttranslocational pathways of degradation play a greater role in the overall response to ER stress than does cotranslational degradation. A recent study demonstrating that proteasomal degradation is transiently inhibited during the UPR adds further complexity to any interpretation of these findings (64) . The exact site of the intracellular degradation of apoB100 during ER stress remains to be determined (31) . However, the absence of any effects of either vitamin E or desferrioxamine on ER stress-associated inhibition of apoB100 secretion (32) indicates that lipid peroxidation and/or reactive oxygen species did not play a significant role. Finally, it is also noteworthy that we demonstrated increased intracellular degradation of nascent apoB100 despite finding evidence for activation of JNK and subsequent serine phosphorylation of IRS-1, indicative of ER stress-induced hepatic IR (data not shown). As noted above, diminished insulin signaling would be expected to lead to reduced degradation of apoB100 and increased secretion (43, 45, 46) .
PBA has been shown to be a chemical chaperone that stabilizes protein folding (33, 65) . Recently, Ozcan et al., reported that treatment with the chemical chaperones PBA and taurine-conjugated ursodeoxycholic acid alleviated ER stress in cultured liver cells and ob/ob mice (34) . Those authors showed that PBA improved insulin action, leading to normalization of both glucose intolerance and steatosis in genetic and diet-induced mouse models of obesity. In that study (34) , PBA attenuated the induction of ER stress by tunicamycin in Fao rat hepatoma cells. PBA has also been shown to improve the trafficking of mutant proteins in cystic fibrosis (CFTRΔ508) (66) and to enhance the secretion of α1-AT in α1-AT deficiency (67). In our study, PBA blocked lipid-induced ER stress in McA cells and specifically reversed the inhibition of apoB100 secretion by higher concentrations of OA, at least in part by normalizing the translation of apoB100 and/or protecting it from cotranslational degradation.
FA loading causes many cellular responses, including ER stress, raising the question of whether there is a direct link between FA-associated ER stress and inhibition of apoB100 secretion. Indeed, PBA, which we used to support such a direct link, has been shown to stimulate FA oxidation and have additional effects on cellular lipid metabolism (68) . However, in our studies, PBA did not affect cellular TG content, suggesting that this chemical chaperone directly prevents the decrease in apoB100 secretion by inhibiting lipid-induced ER stress. More importantly, we have recapitulated nearly all the effects of FA loading on apoB100 secretion by using tunicamycin, a well-established inducer of ER stress. Thus, although tunicamycin did not, at any dose, stimulate apoB100 secretion, it did inhibit apoB100 secretion in a dosedependent manner that paralleled its effects on ER stress markers. Furthermore, tunicamycin showed the same "relative selectivity" for apoB100 that we observed with OA and IL; it was only at the 5-μg/ml dose of tunicamycin that secretion of apoB48, albumin, and apoA-I were inhibited. Finally, PBA reversed not only (as expected) tunicamycin-mediated ER stress, but also the inhibition of apoB100 secretion.
We had previously reported that in vivo exposure of mouse livers to high concentrations of FA for 6 hours resulted in significant increases in the secretion of apoB100 and apoB48 (35) . In the present study, we confirmed that finding and further demonstrated that longer infusions of OA (9 hours) were associated with the loss of OA-stimulated apoB secretion; this loss of FA-stimulated apoB secretion was paralleled by increased and/or prolonged hepatic ER stress. Importantly, when we treated mice with PBA for 7 days, we reduced OA-mediated ER stress and rescued apoB100 from the effects of 9 hours of elevated FA levels. However, neither 6-nor 9-hour infusions of OA significantly increased liver TGs, so we also infused 20% Intralipid. Although our previous studies showed that 6-hour infusions of Intralipid stimulated both TG and apoB secretion without significantly increasing hepatic TG content (35), we found, in the present studies, that 9-hour infusions of 20% Intralipid did not stimulate TG and apoB secretion despite significantly increasing hepatic TG mass. These in vivo results confirm our in vitro studies and provide strong evidence directly implicating ER stress as the basis for the inhibition of apoB100 secretion during prolonged exposure of livers to high concentrations of FAs. Although 9-hour infusions of OA also led to the loss of FA-stimulated apoB48 secretion ( Figure 11B ), that abnormality was not reversed by PBA treatment. Further experiments will be needed to determine the differences we have observed between the in vitro and in vivo effects of ER stress and PBA on apoB48 metabolism.
The results of these studies provide new and novel insights into the pathophysiology of steatosis and hypertriglyceridemia, a combination of abnormalities characteristic of animal models and humans with IR. As noted above, a substantial proportion of individuals with IR have both hepatic steatosis and hyperlipidemia. Furthermore, the severity of hepatic steatosis correlates with secretion of increased numbers of large, TG-rich VLDL (69) . Finally, it has been repeatedly demonstrated, both in vitro and in vivo (18, 35, 39) , that increased FA delivery to hepatocytes stimulates VLDL apoB and TG secretion. Together, those results raise a key question: why can't lipid-loaded livers, which are typically also insulin resistant, secrete as much VLDL as is necessary to avoid steatosis.
The results we present demonstrate that lipid-induced hepatic ER stress can explain why steatosis develops despite increased VLDL secretion. The parabolic relationship between the degree of lipidinduced ER stress and apoB100 secretion suggests that in most animals and people with lipid-induced steatosis, VLDL secretion may be increased above normal, consistent with existing literature, but secretion will be less than maximal (on the downside of the parabola) due to excessive ER stress. Further studies will be required to determine both the molecular basis for FA-induced ER stress and for the increase in intracellular degradation of apoB. Of interest, our findings suggest that pharmacologic approaches directly targeting hepatic ER stress could be a therapy for steatosis, albeit at the expense of increased secretion of atherogenic apoB-Lps.
Methods
Growth of cells.
McA cells were obtained from ATCC. McA cells were maintained in DMEM containing penicillin (100 U/ml), streptomycin (100 μg/ ml), 10% FBS, and 10% horse serum (Invitrogen).
Cell studies. For steady-state studies, McA cells were incubated for 0-48 hours in DMEM containing OA (0.1-2.0 mM) bound to 1.5% BSA or a mixture of Intralipid (10-1,000 mg/dl) (Abbott Laboratories) plus purified lipoprotein lipase (LpL) (1 μg/ml). When apoB metabolism was being studied, cells were further incubated in methionine/cysteine-free DMEM for an additional 2 hours and then labeled with [ 35 S]methionine for 2 hours. The latter 2 incubations were also in the absence or presence of varying concentrations of OA or IL. After labeling, media were transferred to tubes containing a mixture of protease inhibitors (30 μl/ml protease inhibitors, 1 mM benzamidine, 5 mM EDTA, 100 U/ml aprotinin, 50 μg/ml leupeptin, 50 μg/ml pepstatin A, and 10 mM HEPES, pH 8.0) and 0.86 mM freshly added phenylmethylsulfonyl fluoride. Cells were harvested with homogenization buffer (62.5 mM sucrose, 0.5% sodium deoxycholate, 0.5% Triton X-100, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and protease inhibitors). Studies of intracellular degradation of apoB in McA cells involved incubation with various concentrations of OA for 16 hours followed by an additional incubation with methionine/cysteine-free DMEM containing 1.5% BSA for 2 hours, pulse labeling with [ 35 S]methionine for 20 minutes, and a 90-minute chase protocol in medium supplemented with cold methionine. Samples were taken every 15 minutes during the chase and processed for medium and intracellular apoB by immunoprecipitation and SDS-PAGE as described below. The effect of OA or IL at any concentration on cell viability or total protein synthesis was measured by TCA-precipitable radioactivity. To determine whether proteasomal degradation of apoB was increased by ER stress, McA cells were treated with OA for 16 hours and in methionine/cysteinefree DMEM for 2 hours, before being radiolabeled with [ 35 S]methionine for 2 hours in the presence or absence of lactacystin (10 μM).
Puromycin synchronization of McA cells. To determine the effect of ER stress on the rate of translation of apoB, McA cells were preincubated with serum-free DMEM containing 1.5% BSA, BSA and 0.4 mM OA, and BSA and 1.2 mM OA for 16 hours, followed by an additional 10-minute incubation, under the same 3 conditions, with 100 μM puromycin, which synchronizes polysome formation and translation. The cells were then put on ice and washed with ice-cold PBS 3 times in an ice bath to remove the puromycin. The cells were then transferred to a 37°C water bath and labeled with serum-free, methionine/cysteine-free DMEM containing [ 35 S]methionine (150 μCi/ml) for 15, 20, or 25 minutes. In some experiments, all of these steps were performed in the absence or presence of PBA. After radiolabeling, cellular lysates were subjected to immunoprecipitation with antisera to apoB, and the resolubilized immunoprecipitate was separated on 4% SDS-PAGE.
PBA treatment of McA cells.
PBA is known to stabilize protein conformation, improve the folding capacity of proteins in the ER, and protect against ER stress (33, 34) . McA cells were preincubated with serum-free DMEM containing 1 mM PBA for 6 hours and then incubated with OA for 16 hours. The cells were then incubated in methionine/cysteine-free DMEM for 2 hour, and finally labeled with [ 35 S]methionine for 2 hours. All 3 latter steps were performed in the presence of PBA. Immunoprecipitation of apoB, apoA-I, or albumin in medium or cellular lysate was carried out. In parallel experiments using the same conditions, cells were lysed and analyzed by immunoblotting for GRP78 and for phosphorylation of eIF2α. Other cells were extracted, and cellular TG mass was measured.
Immunoprecipitation. Immunoprecipitation of apoB, apoA-I, or albumin in medium or cellular lysate was carried out according to the method of Dixon et al. (55) . The antibodies used were goat anti-human apoB, goat anti-human apoA-I (Calbiochem), and anti-human albumin (SigmaAldrich). rProtein G Agarose (Invitrogen) was added to the reaction solution to precipitate apoB, which was released with sample buffer (0.125 M Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, and 10% β-mercaptoethanol) by boiling for 5 minutes. Samples were resolved by SDS-PAGE. The gel was treated with Autofluor (National Diagnostics) and, after drying, exposed to x-ray film (X-Omat AR; Kodak) at -80°C and quantified as incorporation of [ 35 S] into apoB48 and apoB100 by autoradiography.
Lipid extraction and cell TG and protein mass determination. For lipid extraction, cells were washed with PBS and then extracted twice with hexane/isopropanol (3:2, vol/vol) (2 ml/well) at room temperature for 30 minutes. The extraction solution was collected and dried under a stream of N2 gas, and the remaining cellular proteins were lysed with 0.1 N NaOH. TG mass in cell extracts was determined using a TG determination kit (Trig/GB; Roche Diagnostics). Cellular protein levels were determined with a BCA kit (Pierce).
Immunoblots. After in vitro treatment of McA cells with OA, IL, or tunicamycin (5 μg/ml), cells were washed twice with PBS, lysed using either SDS buffer (2% SDS, 62.5 mM Tris-HCl [pH 6.8], 10% glycerol, 50 mM DTT, and 0.01% bromophenol blue) or homogenization buffer (62.5 mM sucrose, 0.5% sodium deoxycholate, 0.5% Triton X-100, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and protease inhibitors) and then boiled at 100°C for 5 minutes. At the end of the in vivo experiments, mice were sacrificed, and liver samples were collected and snap frozen. Protein extracts were prepared with a lysis buffer containing 25 mM Tris-HCl (pH 7.4), 2 mM Na3VO4, 10 mM NaF, 10 mM Na4P2O7, 1 mM EGTA, 1 mM EDTA, 1% NP-40, 5 μg/ml leupeptin, 5 μg/ml aprotinin, 10 nM okadaic acid, and 1 mM PMSF. Equal amounts of protein extracts were separated on a 10% SDS-PAGE gel and electrotransferred to 0.45-μm nitrocellulose membrane using a Bio-Rad mini-transfer tank. Membranes were incubated with primary antibodies overnight, and the protein bands were detected with HRP-conjugated secondary antibodies and SuperSignal West Pico enhanced chemiluminescent solution (Pierce). Membranes were stripped with Restore Western Blot Stripping Buffer (Pierce) for 15 minutes at room temperature and reprobed with antibodies to β-actin to control for differences in loading. The primary antibodies used were anti-GRP78, anti-phospho-eIF2α (Stressgen), eIF2α (Cell Signaling), and monoclonal anti-β-actin (Sigma-Aldrich).
Analysis of XBP1 processing. McA cells were exposed to OA, IL, or tunicamycin, and XBP1 cDNA encompassing the region of restriction site was amplified by PCR using previously described primers (28) . The PCR product was incubated with the Pst1 restriction enzyme for 5 hours at 37°C, followed by separation of the restriction digests on a 2% agarose gel with ethidium bromide. The gels were photographed under UV transillumination and quantified by densitometry. The amount of 601-bp material (indicative of XBP1 activation and thus of ER stress) was expressed as a percentage of the total amount of amplified material, considering the sum of the 2 bands in each lane as 100%.
Nuclear fractionation. After treatment with OA, IL, or tunicamycin, cytosolic and nuclear extracts were isolated using the Nuclear Extraction Kit (Panomics) according to the manufacturer's protocol. Briefly, cells on 35-mm plates were washed with cold PBS twice. Buffer A (100 μl; 10 mM HEPES, pH 7.9, 10 mM KCl, 10 mM EDTA, 1 mM dithiothreitol, 0.4% [octylphenoxy] polyethoxyethanol, plus protease inhibitors) was added, and the plate was put on a rocking platform at 4°C for 10 minutes. Cells were scraped from the plates, and cell clumps were disrupted by repetitive pipetting. The suspension was centrifuged at 20,000 g at 4°C for 3 minutes, and the supernatant was collected (cytoplasmic fraction). The pellet was resuspended into 20 μl of buffer B (20 mM HEPES, pH 7.9, 200 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM dithiothreitol, plus protease inhibitors) by vigorous vortexing for 5 minutes and then at a medium vortex setting for 30 minutes at 4°C. The suspension was centrifuged at 20,000 g at 4°C for 5 minutes, and the supernatant was collected (nuclear fraction). Equal amounts of protein extracts were subjected to 8% SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted using standard methods as described above. Membranes were stripped and reprobed with antibodies against nucleophosmin to control for nuclear extraction. The primary antibodies used were XBP1 (Santa Cruz Biotechnologies Inc.) and mouse anti-nucleophosmin (Zymed).
Quantitative real-time PCR. Total RNA samples were used for cDNA synthesis with oligo-dT primers using a commercial kit from Invitrogen. The resulting cDNA samples were then quantified for each test gene using target gene-specific primers. Quantitative real-time PCR was done using SYBR Green PCR Master Mix (Applied Biosystems) according to the protocols provided by the manufacturer. Detection of specific products was performed in triplicate using the Mx4000 Multiplex Quantitative PCR system (Stratagene). Using the standard curve method, the relative quantitation of specific PCR products for each primer set was generated. For normalization, GAPDH or Actb was amplified from each sample. The primers used in the real-time PCR are shown in Table 1 .
Animals. The animals studied were male C57BL/6J mice, age 12-14 weeks, purchased from The Jackson Laboratory. All mice were maintained on a 12-hour light/12-hour dark cycle (light cycle was 7 am to 7 pm) and on a regular rodent chow diet. Animal studies were approved by the Institutional Animal Care and Use Committee of Columbia University College of Physicians and Surgeons.
Surgical procedures. Mice were anesthetized with 3.3 μl/g body weight of ketamine (15 mg/ml) and xylazine (3 mg/ml). The incision, location of the jugular vein, insertion of the cannula, and closing of the wound were carried out with a dissection microscope after the operative procedure developed for rats (70) . In brief, silicone rubber tubing (0.51-mm inner diameter × 0.94-mm outer diameter; catalog 11-189-15A; Fisher) filled with saline was inserted into the jugular vein, and the outer portion of the tubing was tunneled subcutaneously, exiting at the nape of the neck. The length of tubing inserted into the jugular vein was 5 mm (71) . Once the tubing was in place, it was filled with saline to maintain patency and was closed at the end with a metal stopper.
Infusion study. The mice were randomly assigned to receive intravenous infusions of 6 mM OA (SigmaAldrich) bound to FA-free albumin (the ratio of OA to BSA was 5:1) or 20% Intralipid (Abbott Laboratories) or saline. Albumin-bound OA was prepared as previously described (55) . Intralipid was composed of (by weight) 20% soybean oil, 1.2% phospholipid, 2.25% glycerol, 76.55% water. The FA composition of the soybean oil was: C16:0, 10.4%; C18:0, 4.0%; C18:1, 23.5%; C18:2, 53.5%; C18:3, 8.3%. On the morning of the experiment, food was removed, and the silicone tubing was flushed with saline and connected through polyethylene tubing to a KDS 220 Infusion Pump (KD Scientific Inc.). The infusion line ran inside a tether and through a swivel, which was suspended from the top of the cage. This procedure protected the infusion tubing and allowed the mice complete freedom of movement. The infusions were carried out at the rate of 2.5 μl/min for 6 or 9 hours. Blood samples were obtained from the retro-orbital plexus before and at the end of the infusions for measurement of plasma TGs and FAs.
Determination of in vivo TG and apoB secretion rates. After each 6-or 9-hour infusion, in vivo secretion rates of TGs and apoB were determined as described previously (72) . Mice were injected intravenously with 500 mg/kg Triton WR1339 (25301-02-4; Sigma-Aldrich) in 0.9% NaCl. Plasma VLDL clearance is completely inhibited in mice under these conditions (73) , and the accumulation of VLDL lipids and apolipoproteins in plasma after injection of Triton can be used to estimate rates of secretion of VLDL into the plasma compartment. Blood samples were collected at the end of infusion (0 minutes, preinjection) and at 30, 60, 90, and 120 minutes after injection of Triton for determination of TG levels, with the rate of rise of TGs in plasma over time indicative of the rate at which TG was secreted from the liver (74) . apoB secretion rates were measured by injecting each mouse with 200 μCi of [ 35 S]methionine (1,175 Ci/mmol; PerkinElmer Life Sciences) together with Triton. Blood samples were taken at 60 and 120 minutes after injection, and the accumulation of [ 35 S]methionine-labeled apoB was used to determine the rates of VLDL apoB secretion. In these experiments, 10 μl of whole plasma samples was subjected to 4% SDS-PAGE, and the gel was dried and exposed to x-ray films to visualize labeled apoB. The apoB bands on the film were scanned for densitometry measurements.
Determination of liver TG levels. At the end of either 6-or 9-hour infusions, livers from the mice were collected for the measurement of hepatic TG content. Total liver lipids were extracted by a modification of the method of Folch and Lees (75) . Briefly, snap-frozen liver tissues (150 mg) were homogenized and extracted twice with a chloroform:methanol (2:1, vol/vol) solution. The organic layer was dried under nitrogen gas and resolubilized in chloroform. An aliquot was resuspended in an aqueous solution containing 2% Triton X-100 for the determination of TG mass. [ 14 C]Triolein (Amersham Biosciences) was added to each sample before lipid extraction to estimate the percent of recovery, and final TG concentrations were adjusted accordingly. Liver TG levels were expressed as micrograms of TG per milligram of liver protein.
Lipid determinations. Total plasma TG and plasma-free FA concentrations were measured by a colorimetric method using commercial kits (catalogs 997-37492 and 994-75409, respectively) from Wako Chemicals. 5′-GCAGTACATAATTTACACAGAAGCAAT-3′
PBA treatment of mice. PBA (1 g/kg body weight) or water was orally administrated twice a day; at 8 am and then at 8 pm. We first treated the mice with PBA for 1 day prior to infusion studies, but there was no effect. We next treated the mice for 7 days, including the day of the 9-hour OA infusion.
Statistics. All data are presented as mean ± SD. Differences in the mean values between 2 groups were assessed by 2-tailed Student's t test. Differences in mean values among more than 2 groups were determined by ANOVA. P < 0.05 was considered to be statistically significant.
